The silica cycle within particles of marine snow from coastal waters off central California was examined. The ratios of biogenic silica to particulate organic nitrogen and to particulate org,mic carbon in aggregates were significantly greater than Redfield ratios, suggesting a large detrital silica compcnent within the particles. Silicic acid concentrations within aggregates were -IO-fold greater on average than those in the surrounding seawater, with interstitial concentrations up to 305 PM Si(OH),. Silica production rates within aggregates were sufficient to deplete the interstitial silicic acid in 0.3-4.0 h, suggesting rapid cycling of Si within the aggregates. Efflux of Si(OH), from the aggregates predicted from molecular diffusion theory was 20-fold greater than the known maximum possible rates of silica dissolution could support. Congruence between efflux rates predicted by diffusion theory and dissolution kinetics requires the diffusion coefficient for Si(OH), in marine snow to be 2 orders of magnitude less than in pure seawater. Experimental determination of the concentration dependence of silicic acid use by diatoms in aggregates and by those in the surrounding seawater indicated that assemblages from both environments would experience Si-replete conditions within marine snow. Aggregation of diatoms following silicic acid depletion at the end of blooms may provide Si-replete microhabitats suitable for the formation of the heavily silicificd resting spores that are central to the life-history of many species.
Diatoms typically dominate the early stages of vernal phytoplankton blooms in coastal waters. The export of diatom biomass during bloom events can involve the aggregation of living cells into large particles of marine snow that can reach several centimeters in size (Smetacek 1985; Takahashi 1986; Alldredge and Gotschalk 1989; Riebesell 1991) . Such aggregates can have high sinking rates (Alldredge and Gotschalk 1989) and are quantitatively important in the gravitational flux of particulate materials (e.g. Fowler and Knauer 1986) . High diatom flux following bloom aggregation has been documented for various habitats ranging from coastal California (Alldredge and Gotschalk 1989) to the Southern Ocean (von Bodungen et al. 1986 ). Aggregation of diatom blooms has been invoked to explain observations of episodic high-flux events in the open sea (Karl et al. 1996) and the appearance of intact pigmented diatoms on the sea floor (Billett et al. 1983 ). Such observations have led to the hypothesis that the aggregation of diatom blooms may be globally significant in the export of biogenic silica from the surface ocean (Nelson et al. 1995) .
In addition to their role in the gravitational export of particulate matter, diatom aggregates represent unique biological habitats. These particles are concentrated oases of organic matter in the water column that host high numbers of bacteria and protozoans (Silver et al. 1978; Alldredge and Silver 1988) . The types of both diatoms and bacteria found in marine snow differ substantially from free-living assemblages (DeLong et al. 1993; Beers et al. 1986; Crockcr 1993) . Marine snow is also exploited by larger heterotrophs and is consumed by macrozooplankton (Suh et al. 1991; Dagg 1993) .
The unique environment within marine snow may dramatically affect the nutrient physiology of the incorporated phytoplankton. Nutrient availability within aggregates can be enhanced by rapid nutrient regeneration rates within the particles. Ammonium concentrations within particles of marine snow often exceed those in the surrounding seawater by more than 2 orders of magnitude (Shanks and Trent 1979; Gotschalk and Alldredge 1989) . High nutrient concentrations within aggregat'es will decrease the likelihood of nutrient limitation for aggregated cells. The availability of silicic acid within aggregates is of particular importance to diatoms. Diatoms have an obligate requirement for Si for growth (Lewin 1962) such that the supply of silicic acid within aggregates may constrain the growth and metabolism of diatoms within marine snow. In this report we compare silicic acid concentrations within aggregates to those in the surrounding seawater. The kinetics of Si use by diatoms within aggregates and of free-living assemblages in the surrounding seawater are used to determine whether aggregation has a significant impact on the silicon metabolism of diatoms.
Methods
Sample collection and analysis-Samples were collected from six stations south of Monterey Bay off central California between 14 and 17 April 1992 (Fig. I) . At selected stations, seawater samples for analysis of silicic acid concentration, biogenic silica concentration, and silica production rates were collected at seven depths in the upper 25 m between the surface and the 0.1% light depth by using LOliter Niskin bottles on a Rosette system. Degrees West Longitude abundance in situ were obtained with an underwater still camera system (MacIntyre et al. 1995) . At all stations, paired samples of aggregates and the diatom assemblage from the surrounding seawater were obtained. Aggregates were collected with a minimum of surrounding seawater by scuba divers from depths of lo-15 m using polypropylene syringes as described by Alldredge (1991) . They were returned to the ship and analyzed within 1 h. Samples of the bulk seawater surrounding aggregates were collected by the divers in 4-liter polypropylene wide-mouth bottles (Sta. 7, 8, and 9) or using Niskin bottles lowered to 12-15 m (Sta. 2, 5, and 6) immediately after the diving operation. All aggregates collected from a site (typically 100-500 aggregates) were combined and mixed aboard ship to make a homogeneous particle slurry (Alldredge 199 1).
Kinetic experiments to examine the dependence of silica production on silicic acid concentration were performed using both the bulk seawater and aggregate slurries. Each sample of bulk water was subdivided among a series of six 320-ml square, acid-cleaned polycarbonate bottles. At Sta. 2, 5, 6, and 8 a series of 30Si(OH)4 tracer (95.28 atom % 3oSi) additions were made that increased the ambient silicic acid concentration by 1.6, 2.3, 3.1, 6.3, 9.4, and 15.7 PM. Ambient silicic acid concentrations were higher at Sta. 7, and additions of 6.3 and 33.1 PM were made there. Each slurry was diluted using filtered seawater from the corresponding bulk water sample and split into two or three 30-78-ml polycarbonate bottles. Between 1 and 10 PM of tracer was added depending on the ambient silicic acid concentration. Then, all samples were placed in a deck incubator shielded with neutral-density screens to match in situ light intensities (12-50% 1,). After 4-6 h, the incubations were terminated by filtration through 0.6-pm polycarbonate filters, and the particulate silica was stored and analyzed for the silica production rate as described above.
Silicic acid uptakes rates (V,J for aggregates and diatoms in the surrounding seawater were normalized to biogenic silica concentration using the equations of Brzezinski and Kosman (1996) . The kinetics of silicic acid use by dispersed and aggregated diatoms was examined by plotting V,, as a function of total silicic acid concentration (ambient + tracer).
The silicic acid concentration of the bulk water was meaCalculations of aggregate contribution-Determination of sured as described by Brzezinski and Nelson (1995) . Silicic the enrichment of dissolved silicic acid concentrations within acid concentrations in slurries were determined by filtering aggregates required knowledge of the average volume of the lo-15-ml subsamples through 0.6-pm Poretics polycarbonaggregates in each slurry because the measured silicic acid ate filters and analyzing each filtrate for silicic acid concencontent of a slurry is derived both from the seawater surtration. Particulate matter from slurries and bulk seawater rounding the aggregates and the interstitial water within was collected by filtration through 0.6-Frn polycarbonate filthem. Average aggregate volume was calculated from the ters. The particulate matter retained on the filters was stored mean particulate organic carbon (POC) per aggregate in each and analyzed for biogenic silica concentration as described slurry using a regression of marine snow volume vs. POC by Brzezinski and Nelson (1995) . Additional subsamples of content established by Alldredge (1997) (Fig. 2) . The mean each slurry were filtered through Whatman GF/F filters for volume per aggregate was multiplied by the number of aganalysis of Chl a, pheopigment, and carbon/nitrogen content.
gregates in the slurry to obtain the total volume of aggreChl a and pheopigment concentrations were determined at gates originally present in each slurry. The average silicic sea using standard fluorometric methods (Strickland and Par- acid concentration within the interstices of the aggregates sons 1972). Samples for elemental analysis were frozen was calculated by subtracting the silicic acid content of the (-20°C) at sea and later dried before analysis of carbon and background seawater from the total dissolved Si present in nitrogen content according to (Sharp 199 1) using a Leeman Labs CE CHN analyzer (model 440). Silica production rates were measured using .30Si(OH), as described by Brzezinski and Nelson (1996) . Experiments were conducted in 320-ml polycarbonate bottles incubated in a deck incubator with flowing seawater to maintain temperature. Neutral-density screens were used to match the in situ light intensity at each sampling depth. After 4-6 h, each sample was filtered through a 0.6-pm Poretics polycarbonate filter. Filters were then dried in an oven at 65°C and stored at room temperature. The isotopic composition of the particulate silica on each filter was determined by conversion to BaSiF, followed by solid-phase mass spectrometry using a Measurement and Analysis Systems 6-60 magnetic sector mass spectrometer (Brzezinski and Nelson 1996) . The analytical precision of the isotopic measurement was 0.002 atom % for "OSi. each slurry and dividing the difference by the corresponding estimate 0.f total aggregate volume.
The integrated biogenic silica concentration of aggregates in the upper water column was calculated by first integrating the number of aggregates recorded by the camera system between the surface and the 0.1% light depth. The abundance of aggregates in size classes > 1 mm and >0.5 mm was determined to reflect the uncertainty in the size of particles collected by the divers. Integrated biogenic silica concentrations for aggregates were then calculated for each site by multiplying the integrated aggregate abundance by the average biogenic silica content of aggregates from the same site. Estimates of integrated silica production by aggregates between the surface and the 0.1% light depth were calculated in an analogous manner using the measured silica production rates by aggregates at each site and the corresponding integrated aggreg.ate abundance. Integrated biogenic silica concentration and silica production rates were also calculated for the diatom assemblage in the bulk seawater by trapezoidal integration. The values obtained for bulk seawater were not corrected for the contribution from aggregates because the 0.5-l .O-liter samples used for those determinations were not likely to contain a significant volume of aggregates (<O.Ol% of seawater volume). Our calculations likely overestimate the contribution of aggregates to integrated siliceous biomass and silica production because divers tend to collect the larger aggregates, possibly causing the average biomass and r.lte estimates from slurries to be too large for the size classes of particles enumerated from the camera system. Thus, our reported contribution of aggregates to water column biomass and silica production should be considered conservatively high.
Results
The composition of aggregates varied from predominantly abandoned larvacean houses to mixtures of diatoms and zooplankton fecal pellets (Table 1 ). Sta. 5 was exceptional in that large comet-shaped aggregates of diatoms were found interspersed w th larvacean houses. All types of aggregates were significar tly enriched in silicon relative to carbon and nitrogen compared to the particle assemblage in the bulk water. Si : N and Si : C ratios in the aggregates consistently exceeded those in the surrounding bulk water by > 100% (Fig. 3) . The values for both ratios in aggregates also exceeded those measured for nutrient-replete diatom cultures (1.1 and 0.13 for the mole ratio of Si : N and Si : C, respectively; Brzezinski 1985) , suggesting a high fraction of detrital biogenic :;ilica within aggregates. Aggregates also had slightly higher C : N mole ratios compared to the particle assemblage in the bulk water (Fig. 3) . The difference was small-7.1 + 0.6 (SD) for aggregates vs. 6.4 -+ 0.6 (SD) for dispersed particles (Fig. 3) -but it was very consistent and statistically significant (paired t-test, P = 0.015).
Pheopigment s comprised a significantly higher fraction (mean of 28%) of total pigments (Chl a + pheopigments) in aggregates compared to the bulk water (mean of 6%, paired t-test; P = 0.002; Fig. 4) , indicating a greater degree of chlorophyll decomposition within aggregates. Sta. 5 where diatom comets were sampled was exceptional in that pheopigments accounted for only -10% of the total pigments in the aggregates from that site.
The estimated interstitial concentrations of silicic acid within the aggregates were consistently higher than in the surrounding seawater (Table 1) . Estimates of the silicic acid concentrations within aggregates ranged from 7.0 to 305 PM, with all but one value being >24 PM (Table 1) . Those concentrations represent an average increase in the silicic acid concentration within aggregates relative to the bulk water of 1,342% (range of 2-4,800%; Table 1 ). Interestingly, the estimated silicic acid concentration within aggregates with a large percentage of diatom comets (Sta. 5) was only 2% greater than that in the surrounding seawater. The ratio of dissolved Si to total Si (biogenic + dissolved) was at most 0.034 (Table l), indicating that the vast majority (>96%) of the Si in aggregates was in the particulate phase.
The results of the kinetic studies on aggregates and the bulk phytoplankton assemblages are presented in Fig. 5 . In general, the V,, measured for aggregate slurries was considerably lower than that for the dispersed assemblage, possibly owing to higher amounts of detrital silica in aggregates. Limitation of silicic acid uptake for the diatoms in the bulk seawater is suggested at three of the five stations (Sta. 2, 6, and 8). Fits to the Michaelis-Menten function were not attempted because of the low number of data points and the variability apparent in the data. Diatoms in the bulk water at Sta. 5 and 7 showed no increase in V, with increasing silicic acid concentration. None of the kinetic experiments on diatom aggregates showed evidence of significant Si limitation. Note that the maximum silicic acid concentrations used in the kinetic experiments with slurries (-20 PM) were significantly less than the calculated silicic acid concentrations within intact aggregates (generally >24 PM Si(OH),; Table 1 ). The kinetic curves (Fig. 5) indicate that neither the diatoms in aggregates nor those in the surrounding seawater would experience significant substrate limitation of silica production The enrichment of aggregates in Si relative to C and N compared to the surrounding particle assemblage was likely influenced by both the process of aggregate formation and material cycling within aggregates. Many of the aggregates we observed contained a significant proportion of fecal pellets (Table 1) . Fecal pellets produced by zooplankton feeding on diatoms are typically enriched in Si due to negligible assimilation of Si during gut passage, whereas both C and N are assimilated with relatively high efficiency (Tande and Slagstad 1985) . Thus, fecal pellets are likely to be enriched in biogenic silica before being incorporated into aggregates. The enhanced heterotrophic activity on aggregates (Pomeroy et al. 1984; Alldredge and Silver 1988; Simon et al. 1990 ) would continue to consume organic compounds, further enriching aggregates in biogenic silica.
We have shown that silicic acid concentrations within aggregates can be more than an order of magnitude greater than in the surrounding seawater with estimated concentrations up to 305 PM Si(OH), inside the particles (Table I) . Those observl.tions support the hypothesis that aggregates are sites of active nutrient remineralization. Past measurements have shown enhanced concentrations of ammonium in aggregates that were more than 200 times greater than those in the ambient seawater (Shanks and Trent 1979; Gotschalk and Alldredge 1989). Our observations indicate that active recyclin~s of inorganic particles also occurs within aggregates. The likely source of the high levels of silicic acid within aggregates is the dissolution of biogenic silica within the particles. The amount of silicic acid within aggregates was small compared to the mass of biogenic silica present (Table l), suggesting that sufficient particulate biogenic silica existed within the aggregates to support the enhanced silicic acid concentrations through silica dissolution. The enhanced microbial activity within marine snow would also tend to increase the dissolution rate of detrital silica within the particle by removing organic compounds from the surface of the silica, thereby exposing a greater surface area to the seawater ( at the higher silicic acid concentrations that existed within aggregates in situ.
Aggregates accounted for an insignificant fraction of the biogenic silica and silica production in the water column. Estimates of the percent contribution of aggregates to total integrated biogenic silica concentrations (aggregates + dispersed particles) were consistently <O. 1% (Table 2) , indicating that only a tiny fraction of the siliceous biomass in the water column was present in aggregated form. Similarly, the contribution of aggregates to silica production in the upper water column was consistently CO. 1% (Table 2) , indicating that aggregates were not responsible for a significant fraction of silica production.
Comparison 2f the amount of silicic acid contained within aggregates with their measured silicic acid uptake rates indicates that (all other factors being equal) uptake would deplete interstitial silicic acid within aggregates in 20 min-4 h (Table 3) . Nevertheless, most aggregates contained elevated silicic acid concentrations, indicating that silica dissolu- tion must have exceeded loss due to biological uptake and diffusion of silicic acid out of the aggregates. The required dissolution rates were likely supported by the >50% detrital silica component within aggregates suggested by the elemental ratios of aggregates (Fig. 3) . Assuming a 75% detrital component and a rate constant for dissolution (V,,,,) of 0.004 h -I ( Kamatani and Riley 1980; Kamatani 1982) , the amount of silicic acid present within aggregates could be supplied by dissolution alone within 0.6-14 h, with most estimates being <3.5 h (Table 3) . We do not intend for these estimates to be regarded as highly accurate, but they serve to illustrate that the measured silica production rates, estimated silicic acid concentrations within aggregates, and reasonable estimates of silica dissolution rates of detrital biogenic silica are consistent with a rapid turnover of the elevated silicic acid concentrations within particles of marine snow. Turnover times of silicic acid would be even more rapid than indicated above owing to the diffusive loss of Si(OH), out of the aggregates. The efflux of Si(OH), due to diffusion can be estimated from the theoretical loss rates of solutes from a sphere. The total efflux of a solute (E) from a sphere of radius (rO) due to molecular diffusion is given by Csanady (1986) as E = 6.33x@-,,Pe'/3, (1) where x0 is the concentration excess of the solute within the particle over that in the surrounding water, D is the molecular diffusion coefficient for silicic acid (7.5 X lo+ cm2 s I in seawater at 15°C; Wollast and Garrels 197 1; Li and Gregory 1974) , and Pe is the Peclet number defined as Pe = qdlD, (2) where o, is the sinking velocity and d is the diameter of the particle (Csanady 1986 ). Eq. 1 predicts an average efflux of silicic acid from the particles of 28 nmol Si agg.-l h -I (Table  4) . To sustain the effluxes predicted by Eq. 1, all of the biogenic silica within the particles from all but one station would have to dissolve in 59 h (Table 4) . Such rapid loss rates are difficult to reconcile with shipboard observations that marine snow incubated for 24 h still contained >90% of the original biogenic silica (data not shown).
Loss rates of Si(OH), from marine snow can be constrained by the maximum rate of dissolution of biogenic silica from diatoms. Specific dissolution rates are lowest for living diatoms (0.003-0.005 h I; Nelson et al. 1976) , with maximum values observed for acid-cleaned frustules (Kamatani and Riley 1980; Kamatani 1982) . Dissolution rates are also highly temperature dependent, with specific dissolution rates approximately doubling for each 10°C increase in temperature (Kamatani 1982) . Maximum dissolution rates for acid-cleaned frustules at the water temperature encountered during our study (-15°C) would be -0.020 h-l (Kamatani and Riley 1980; Kamatani 1982) . That rate constant must support both the diffusion loss of Si(OH), and its specific uptake rate by diatoms within the aggregates (-0.004 h I; see above). Thus, the highest dissolution rate that can support the diffusive loss of Si(OH), is 0.020 -0.004, or 0.016 h I, corresponding to an average efflux of Si(OH), out of the particles of 1.4 nmol Si agg.-I h-l (range of 0.8-2.2 nmol Si agg.-' h I). That rate is 28/1.4, or 20 times less than that predicted by molecular diffusion. The actual discrepancy is likely considerably larger as many siliceous particles within the aggregates would be packaged within fecal pellets and(or) coated with organic material, lowering their specific dissolution rates by a factor of 4-5 compared to the value for acid-cleaned frustules used in this calculation (Kamatani 1982) .
Comparison of the right-hand side of Eq. I with the data in Tables 1 and 4 shows that all variables required to calculate Si(OH), efflux rates from diffusion theory are empirically constrained for particles of marine snow except for the value of D. We suggest that the value of D for pure seawater is inappropriate for marine snow. Diffusion of solutes out of particles of marine snow should be retarded compared to Table 4 . Particle sizes and sinking rates used to calculate the efflux of Si(OH), from marine snow using molecular diffusion theory and the predicted time required to deplete the particles of both particulate and dissolved silicon. Errors denote range in parameter values due to the statistical uncertainty in mean particle size. (Fig. 2 ).
-i-Calculated using relationship bctwcen particle size and sinking rate devclopcd by Alldrcdge and Gotschalk (1988) . :I: Calculated using Bq. 2 given in the text. 5 Calculated using Eq. 1 given in the text. 11 Calculated by dividing the BSiO, content of aggregates given in Table 1 by the calculated efflux rates.
diffusion through pure seawater owing to the differences between the physical and chemical properties of seawater and aggregates. Natural aggregates are highly fractal in their geometry, with fractal dimensions < 1.6 (Logan and Wilkinson 1990) . Diffusion of solute particles out of a fractal matrix is reduced by the delays that diffusing molecules have when trapped in the dangling ends, bottlenecks, and backbends of the fractal matrix (Havlin and Ben-Avraham 1987) . Moreover, although marine snow is highly porous (Alldredge and Gotschalk 1988) , it also contains significant amounts of mucous that appear to retard diffusion (Alldredge and Cracker 1995). The value of D for marine snow can be approximated by solving Eq. 1 by using the maximum efflux of Si(OH), that silica dissolution can possibly support (I .4 nmol Si agg.-' h-I) and the average size, sinking rates, and internal [Si(OH),] of the aggregates given in Tables 1 and 4 . The resulting diffusion coefficient (6.5 X 10 x cm* s-l) is 2 orders of magnitude lower than that for pure seawater at 15°C (7.5 X lo-" cm2 s I; Wollast and Garrels 197 1; Li and Gregory 1974) . Reconciliation of the discrepancies between our empirical measurements and theory will require more refined experimental determinations of the effective value of D for fractal particles of marine snow. Silicic acid may be the ideal solute for such experiments as it has a single, easily quantified particulate source within the aggregates.
The high silicic acid concentrations within aggregates would provide Si-replete conditions for the living diatoms within the aggregates. Concentrations of silicic acid below -10 PM were limiting to silica production for several of the dispersed diatom assemblages (Fig. 4) . That limitation would be largely or completely eliminated at the silicic acid concentrations present within aggregates from the same sites (Table 1) . Cultured diatoms have K, values for silicic acid uptake of between 0.4 and 5.0 PM Si(OH), (Nelson and Treguer 1992) . Even those kinetically inefficient species with K, values of 5 PM would take up silicic acid at 284% of their maximum rate at the >27 PM Si(OH), estimated for most aggregates sampled (Table 1) . Thus, diatoms that become incorporated into aggregates near the end of a diatom bloom when silicic acid concentration in the surrounding seawater is being depleted may be released from Si limitation by the high silicic acid concentrations within aggregates.
The ability of a living diatom to exploit the enhanced silicic acid concentration within aggregates will be greatest while the particles remain in the euphotic zone where the energy required for silicic acid uptake (Azam 1974; Sullivan 1976) can be gained directly through photosynthesis. Once the aggregate has sunk below the euphotic zone, silicic acid uptake would cease within 12-24 h (Blank and Sullivan 1979) . Aggregates are known to remain in the euphotic zone for as little as a few hours or as long as several days (Alldredge and Gotschalk 1988; Stachowitsch et al. 1990; Riebesell 1992) , suggesting that the residence time of aggregates in the surface layer can be sufficient for the associated diatoms to exploit the Si-replete environment within the particles. Even a relatively brief release from Si stress, however, may be important in the life-cycle of many diatoms. For example, aggregating blooms of Chaetoceros seem to form spores only within aggregates (Silver et al. 1978; Alldredge et al. 1995) . 1)iatom spores tend to be more heavily silicified than are the parent vegetative cells (Werner 1977) , creating a large requirement for silicic acid during spore formation. Tncorporation into a diatom aggregate would provide Si-replete conditions for spore formation.
Our findings that aggregates accounted for a small fraction of total silicellus biomass and silica production are similar to past observations that aggregates typically account for <5% of POC, particulate organic nitrogen, and primary productivity (Alldredge and Gotschalk 1990). [Knauer et al. (1992) found up to 60% of total primary production being carried out by marine snow particles, but such high values are atypical.] !Such low values give a misleading impression of the importance of aggregates in biogeochemical processes in the sea. Aggregates are known to be dominant particles in the export of particulate matter from the surface ocean (e.g. Fowler and Knauer 1986), and descriptions of mass aggregation arid the rapid sinking diatom blooms are becoming more numerous (see Alldredge and Jackson 1995) . We hypothesize that mass aggregation plays a significant biological role in the life-cycle of diatoms by providing Sireplete microhabitats for resting spore formation at the end of diatom blooms. 
